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We investigate the structural, electronic and magnetic properties of the newly synthesized mineral
barlowite Cu4(OH)6FBr which contains Cu
2+ ions in a perfect kagome arrangement. In contrast to
the spin-liquid candidate herbertsmithite ZnCu3(OH)6Cl2, kagome layers in barlowite are perfectly
aligned due to the different bonding environments adopted by F− and Br− compared to Cl−. We
perform density functional theory calculations to obtain the Heisenberg Hamiltonian parameters of
Cu4(OH)6FBr which has a Cu
2+ site coupling the kagome layers. The 3D network of exchange cou-
plings together with a substantial Dzyaloshinskii-Moriya coupling lead to canted antiferromagnetic
ordering of this compound at TN = 15 K as observed by magnetic susceptibility measurements on
single crystals.
PACS numbers: 71.15.Mb, 75.10.Jm, 75.30.Cr, 75.30.Et, 71.20.-b
FIG. 1. Chloride environment of herbertsmithite (a) com-
pared to bromide and fluoride environments of barlowite (c).
(b) Mix of covalent and hydrogen bonding in ZnCu3(OH)6Cl2
leads to three kagome layers shifted with respect to each other,
as shown by differently colored Cu2+ sites. (d) Preference of
Br− for covalent bonding and of F− for hydrogen bonding
leads to perfect alignment of kagome layers in Cu4(OH)6FBr
(only Cu(1) sites are shown here).
Since the successful synthesis of herbertsmithite
(ZnCu3(OH)6Cl2) [1], spin-liquid candidates based on
spin-1/2 kagome lattices have been intensively investi-
gated in recent years [2, 3]. The paratacamite fam-
ily of compounds has proven to be a fertile ground
for kagome materials with different properties. The
ZnxCu4−x(OD)6Cl2 series of materials has been found
to form valence-bond solids due to distortions of the
kagome layer in monoclinic space groups [4]. The re-
placement of Zn2+ in ZnCu3(OH)6Cl2 by a nonmagnetic
ion like Mg2+ possibly leads to another spin-liquid can-
didate [5], as does replacement of 2Cl− by SO2−4 [6].
On the other hand, magnetic ions between the kagome
FIG. 2. Crystal structure of Cu4(OH)6FBr (P 63/mmc space
group, No. 194). Note that the Cu(2) site with Wyckoff
position 12j is 1/3 filled.
layers lead to compounds that order magnetically [7].
While realizations of quantum spin liquids have been
desperately searched for [8], so far, together with the
triangular-lattice molecule-based materials κ-(BEDT-
TTF)2Cu2(CN)3 (BEDT-TTF = bis(ethylenedithio)-
tetrathiafulvalene) [9], and EtMe3Sb[Pd(dmit)2]2 (dmit
= 1,3-dithiole-2-thione-4,5-dithiolate, Me = CH3, Et =
C2H5) [10], herbertsmithite has been considered one of
the best candidates [11]. However, ZnCu3(OH)6Cl2 has
not been free from controversy as Zn2+ and Cu2+ are
similar in size, and both kagome layers diluted with non-
magnetic Zn2+ [3] as well as magnetic Cu2+ ions replac-
ing Zn2+ between the kagome layers [12] are possible.
Therefore, it would be desirable to devise a crystal mod-
ification of herbertsmithite that would make the Cu2+
and Zn2+ sites less similar in order to increase the ten-
dency of Cu2+ ions to form the kagome layer as well as the
tendency of the nonmagnetic transition metal ion to stay
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2away from the kagome plane. The purpose of this work is
(1) to suggest such a strategy, exemplarily realized in the
mineral barlowite and (2) to unveil the microscopic origin
of the electronic and magnetic behavior of this system
via a combination of density functional theory calcula-
tions and magnetic susceptibility measurements. Besides
the search for ideal quantum spin liquids, the electronic
structure of kagome materials offers a large variety of in-
teresting properties, like for instance the presence of flat
bands at certain fillings that induces Nagaoka ferromag-
netism [13] or the presence of Dirac points at 4/3 filling
that could lead to unusual symmetry protected metals or
superconductors [14].
In herbertsmithite, the Cl− binding environment is
partially covalent, partially hydrogen bonded, as shown
in Fig. 1 (a). This leads to a horizontal staggering of
kagome layers (Fig. 1 (b)) as Cu2+ triangles can be placed
either above or below a Cl− ion, but not both above and
below. We suggest using a mixed halide system where the
strong hydrogen bond acceptance of the F− ion is used to
create a hydrogen rich pocket with six hydroxyl ions; on
the other hand, Br− can form six covalent bonds to three
Cu2+ ions above and three below (Fig. 1 (c)). Following
this recipe via the chemical synthesis of Cu4(OH)6FBr,
we arrive at perfectly aligned kagome planes as shown
in Fig. 1 (d). This compound is known as the mineral
barlowite [15]. So far, only some of its properties have
been reported [16].
Single crystals of barlowite, Cu4(OH)6FBr, were grown
synthetically through the hydrothermal reaction of cop-
per carbonate basic (malachite), with perbromic acid in
the presence of ammonium fluoride. The crystal struc-
ture of Cu4(OH)6FBr was determined by single crystal
X-ray diffraction measurements [17] at ambient temper-
ature and is shown in Fig. 2. Barlowite crystallizes in
P 63/mmc symmetry with each intralayer Cu
2+ (Cu(1))
ion lying on a site of 2/m symmetry (see Table I). This
intralayer Cu2+ exhibits a strongly tetragonally distorted
octahedral coordination with four equatorial Cu-O bonds
of 1.954(1) A˚ and two axial Cu-Br bonds of 3.022 A˚. In-
terlayer Cu2+ (Cu(2)) sites lie on a general position and
are thus 1/3 occupied and disordered over three equiva-
lent positions.
TABLE I. Structural parameters for Cu4(OH)6FBr at T =
298(2) K (P 63/mmc space group, a = 6.799(4) A˚, c =
9.3063(13) A˚, Z = 2). In this table, U is the anisotropic
displacement parameter (isotropic for H).
Atom Site x y z U (A˚2) Occ.
Cu(1) 6g 0.5000 0 0 0.01540(17) 1
Cu(2) 12j 0.62884(12) 0.2577(2) 1/4 0.0133(4) 1/3
O 12k 0.79768(18) 0.20232(18) 0.0916(2) 0.0137(4) 1
H 12k 0.852(3) 0.148(3) 0.127(4) 0.021 1
Br 2c 1/3 2/3 1/4 0.0184(2) 1
F 2b 0 0 1/4 0.0238(10) 1
FIG. 3. (a) GGA band structure and (b) GGA density of
states (DOS) of Cu4(OH)6FBr. DOS is given in states per eV
and formula unit. High symmetry points M = (1/2, 0, 0), K =
(1/3, 1/3, 0), A = (0, 0, 1/2), L = (1/2, 0, 1/2), H = (1/3, 1/3, 1/2)
were chosen to reflect the P 63/mmc symmetry of the real
material rather than the Cmcm symmetry used for compu-
tational purposes. (c) GGA+U density of states for U = 6 eV,
JH = 1 eV and ferromagnetic order. Note that the size of the
gap is related to the value of U considered.
In order to characterize barlowite electronically and
magnetically, we combined first principles density func-
tional theory (DFT) calculations with susceptibility mea-
surements. Our DFT calculations were performed on the
basis of the full-potential non-orthogonal local-orbital ba-
sis (FPLO) [18], employing the generalized gradient ap-
proximation (GGA) [19] as well as GGA+U [20] func-
tionals. The Hubbard parameter U was set to 6 eV,
the Hunds rule coupling JH to 1 eV. The exchange-
coupling constants between spin-1/2 Cu2+ ions were ob-
tained by mapping GGA+U total energy differences of
several Cu2+ spin configurations onto a spin-1/2 Heisen-
berg model [21, 22]. In order to make a sufficient number
of Cu2+ sites inequivalent to allow for various spin con-
figurations, the symmetry was lowered from the Cmcm
to the Cm space group (No. 8) containing 6 inequivalent
Cu2+ positions.
In Fig. 3 (a)-(b) we show first the GGA band structure
and density of states of barlowite. The main contribution
near the Fermi level is of Cu 3d orbitals hybridized with O
2p orbitals. The band structure along the high-symmetry
path Γ-M -K-Γ reflects the dispersion of the kagome lay-
ers (dominated by Cu(1) d states) while the band struc-
ture along the high-symmetry path A-L-H-A at kz = 0.5
arises from the 2D lattice formed by the inter-kagome
3TABLE II. Exchange coupling constants for Cu4(OH)6FBr,
calculated with GGA+U at U = 6 eV, JH = 1 eV and with
atomic-limit double-counting correction.
Name dCu-Cu (A˚) Type Ji(K)
Kagome layer coupling
J3 3.3399 Cu(1)-Cu(1) 177
Interlayer couplings
J1 2.7632 Cu(1)-Cu(2) -205
J2 3.1885 Cu(1)-Cu(2) -32
J4 4.6532 Cu(1)-Cu(1) 5
J6 5.5264 Cu(2)-Cu(2) 16
FIG. 4. Important exchange paths of Cu4(OH)6FBr. The no-
tation Ji, i = 1, 2, 3, . . . denotes 1
st, 2nd, 3rd,. . . Cu-Cu neigh-
bors. Positive (negative) J values denote antiferromagnetic
(ferromagnetic) couplings. Exchange constants were deter-
mined to be J3 = 177 K (kagome layer), J1 = −205 K and
J2 = −32 K. A coupling J6 = 16 K connecting two Cu(2)
sites along the red bond is indicated by a curved arrow. Note
that disordered Cu(2) sites in the P 63/mmc space group lead
to random permutations of the two weak and one strong fer-
romagnetic couplings between every Cu(1) triangle above and
below a Cu(2) site. Larger couplings are shown with cylinders
of larger diameter.
Cu(2) atoms. We observe that the electronic structure
of the kagome layer resembles the electronic structure of
the spin-liquid compound herbertsmithite very well [22].
However, both herbertsmithite and barlowite are Mott
insulators. In order to reflect this behavior in the band
structure calculations we show in Fig. 3 (c) the density
of states calculated with the GGA+U functional with
U = 6 eV.
The exchange couplings we obtain from total energy
calculations are listed in Table II. The nearest neighbor
coupling in the kagome plane is J3 = 177 K for barlowite.
This is very similar to the value J = 182 K obtained
for herbertsmithite, reflecting the fact that Cu-O-Cu an-
gles are very similar in both compounds (117◦ in bar-
lowite, 119◦ in herbertsmithite). The fact that barlowite
has Cu2+ ions at interlayer positions (Cu(2)) determines
FIG. 5. Inverse molar susceptibility as a function of tempera-
ture (open circles) taken at B = 0.1 T for B ‖ c together with
Curie-Weiss fits (red broken lines) for 200 K ≤ T ≤ 300 K and
50 K ≤ T ≤ 100 K. Also shown is a theoretical approxima-
tion to 1/χ calculated by 10th-order high-temperature series
expansion [23], using the calculated value J3 = 177 K and
J1 = −0.94J3, J2 = −0.16J3 and J6 = 0.15J3 as well as a
g factor of 2.20 (blue solid line). Note that J1, J2 and J6
agree with the calculated values within their error bars. In-
set: Effective magnetic moment per Cu2+ ion as a function
of temperature in fields B = 0.1 T for B ‖ c and B ⊥ c both
after cooling in zero field (ZFC).
the magnetic behavior of this system at low tempera-
tures. Specifically, we find that ferromagnetic interlayer
couplings (J1 = −205 K and J2 = −32 K) exist be-
tween Cu(1) (in the kagome layer) and Cu(2) (interlayer).
Further exchange paths become increasingly and signifi-
cantly weaker – comparable or smaller than 0.1J . Within
the Cm unit cell chosen here, it was not possible to sep-
arate the coupling J5 corresponding to a Cu(1)-Cu(2)
distance of 5.2359 A˚ from the small ferromagnetic J2.
The vertical coupling J4 between the kagome planes is
negligibly small. The resulting Heisenberg Hamiltonian
parameters are illustrated in Fig. 4. Note that due to
the lowering of the symmetry from P 63/mmc to Cmcm
for the calculations, the path of the ferromagnetic one-
dimensional Cu(2) chains has become uniquely defined.
In reality, these chains wiggle through the crystal accord-
ing to the actual positions of Cu(2) which is randomly
chosen from the three possible sites. We estimate an
error bar on the Heisenberg Hamiltonian parameters of
the order of 20% and possibly larger for the smaller cou-
plings because the calculated values depend strongly on
the essentially unknown size of the Hubbard parameter
U and because of the tendency of DFT to overestimate
the stability of the ferromagnetic state.
The magnetic properties of barlowite were measured
using a commercial Quantum Design SQUID magne-
tometer in the temperature range 2 K ≤ T ≤ 300 K on
4FIG. 6. Magnetization as a function of magnetic field B mea-
sured for B ‖ c at T = 2 K. The blue open squares correspond
to the virgin curve taken after cooling in zero field, the red
diamonds correspond to data taken upon subsequent field cy-
cling. Lower right inset: blow-up of high-field section. Upper
left inset: blow-up of low-field section.
a single crystal of mass m = 3.4 mg. The susceptibility
measurements were performed in various fields up to 1 T
with B oriented in plane and along the hexagonal c-axis.
For the latter orientation the magnetization was mea-
sured in fields up to ±5 T. The experimental data have
been corrected for the temperature-independent diamag-
netic core contribution of the constituents [26] and the
magnetic contribution of the sample holder.
Figure 5 shows the inverse molar magnetic susceptibil-
ity (open circles) as a function of temperature for B ‖ c.
The 1/χmol data can be approximated by a Curie-Weiss-
like behavior (red broken lines in Fig. 5) at the upper and
lower ends with an antiferromagnetic Weiss-temperature
θ = (155±2) K for 200 K ≤ T ≤ 300 K and (22±2) K for
50 K ≤ T ≤ 100 K. This behavior is consistent with the
presence of two dominant magnetic coupling constants of
different sign, suggested by our DFT calculation.
By considering the exchange parameters obtained
from DFT, we calculated 1/χmol using 10th-order high-
temperature series expansion [23]. We find that a very
good fit of the experimental observations, shown by the
solid blue line in Fig. 5, is obtained with J3 = 177 K
and J1 = −0.94J3, J2 = −0.16J3 and J6 = 0.15J3
in combination with a g value of 2.20. Given the
strongly distorted octahedral Cu2+ environment, imply-
ing anisotropic g values ranging from 0.1 ≤ ∆g/g ≤
0.15 [24, 25], a g value of 2.2 for B ‖ c is reasonable.
The values of the exchange couplings are within the er-
ror bars of the DFT calculation confirming that the DFT
analysis of barlowite is reliable.
The inset of Fig. 5 exhibits the effective magnetic mo-
ment neff per Cu
2+ ion as a function of temperature for
T ≤ 100 K in fields B = 0.1 T for B ‖ c and B ⊥ c both
after cooling in zero field (ZFC). At 300 K (not shown)
neff is about 1.69 µB/Cu
2+, a value slightly smaller than
the one for isolated spin-1/2 ions. With decreasing tem-
perature neff becomes continuously reduced down to ap-
proximately 1.2 µB around 20 K. Such a large effective
moment in an antiferromagnetically coupled system at a
temperature T <∼ J3/10 is only possible when in addition
a ferromagnetic coupling exists which is of similar size.
Upon cooling to below about 18 K, neff for both orien-
tations starts to increase with a maximum slope around
15 K. Upon further cooling, neff passes over a maximum
followed by a rapid decrease. This behavior is a clear
signature of a phase transition into long-range antiferro-
magnetic order characterized by canted spins exhibiting
a small ferromagnetic component. This is also corrobo-
rated by the observation of a hysteresis loop observed at
2 K and shown in Fig. 5. The maximum of neff for the
field aligned parallel to the hexagonal planes exceeds that
for fields oriented perpendicular to the planes by nearly
a factor of two, indicating that the easy axis of barlowite
is oriented along the hexagonal plane.
Figure 6 exhibits the magnetization measured for B ‖ c
at 2 K. The blue open squares correspond to the virgin
curve taken after cooling in zero field. This was possi-
ble after carefully compensating for finite remanent fields
present in the superconducting magnet of the SQUID
magnetometer. Also shown is the full hysteresis loop ob-
tained upon cycling the field in the range −5 T ≤ B ≤
+5 T. The hysteresis loop closes at
∣∣B∣∣ ≥ 4 T at 2 K,
cf. lower right inset to Fig. 6. Upon field cycling (red
symbols), following the virgin run, the magnetization ex-
hibits a large slope for fields below 0.1 T. At this field
level, M reaches approximately 10% of the expected sat-
uration magnetization of 1 µB per Cu
2+ ion. On further
increasing the field M(B) increases almost linearly and
reaches a value of 0.23 µB/Cu
2+ at 5 T, which is close to
1 µB/f.u. The evolution of M upon varying B indicates
a discontinuous magnetization process which has to be
taken into account when analyzing magnetic data taken
at fields below 4 T. The upper inset of Fig. 6 shows the
low-field sector of the hysteresis loop. For B = 0 bar-
lowite has a remanent magnetization of approximately
0.3 µB per formula unit. According to Ref. 26 this value
together with the saturation magnetization can be used
to determine the tilt angle relative to the perfectly anti-
ferromagnetically aligned spins resulting in a canting an-
gle of approximately 4.5◦. Such a moderate spin canting
out of the hexagonal plane is consistent with the existence
of a Dzyaloshinskii-Moriya (DM) interaction allowed by
symmetry in barlowite. According to Ref. [27], the DM
vector D lies within the mirror plane which in barlowite
is perpendicular to the kagome plane. An estimate of
the size of
∣∣D∣∣ is given by ∣∣D∣∣/J3 ' ∆g/g = 0.1 which is
substantial.
In summary, the structure of barlowite with perfectly
aligned kagome layers opens a new synthetic route for
5kagome-based structures with the possibility of interest-
ing phases such as ordered magnetic phases with different
ordering vectors, spin liquid, Dirac metal or even uncon-
ventional superconductivity. Our combined first princi-
ples calculations with susceptibility measurements identi-
fies the low temperature behavior of barlowite as a canted
antiferromagnet with a canting angle of approximately
4.5◦.
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